Objective: To describe the relationship of change in retinal vessel diameters to the subsequent 6-year incidence and progression of diabetic retinopathy (DR) and incidence of proliferative diabetic retinopathy (PDR) and macular edema (ME) in persons with diabetes mellitus.
P
ERSONS WITH DIABETES MELLItus are at risk of developing diabetic retinopathy (DR) and having it progress to proliferative diabetic retinopathy (PDR) and macular edema (ME) with visual loss. 1 Although traditional risk factors (eg, glycosylated hemoglobin [HbA 1c ] concentration, blood pressure, and duration of diabetes) have been shown to be statistically significantly associated with the incidence and progression of DR, they explain only a limited amount of the risk of developing these complications. 2 Other indicators of increased risk have been suggested, including retinal vessel diameters. [3] [4] [5] Wider retinal venules had been shown in some studies to provide additional information, independent of retinopathy severity, hyperglycemia, hypertension, and other factors, regarding the risk of progression but not incidence of DR. 3, 4, 6, 7 The relationship of retinal arteriolar diameters to the incidence and progression of DR has been less consistent. 3, 4, [6] [7] [8] These observations were usually based on a single measurement of retinal vessel diameter at baseline. In this report, we examine the relationship of change in retinal vessel diameter during a 4-year interval to the incidence and progression of DR in the next 6 years in people with diabetes participating in the Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR).
METHODS

STUDY POPULATION
The population, which has been described in previous reports, consisted of a probability sample selected from 10 135 diabetic patients who received primary care in an 11-county area in southern Wisconsin from 1979 to 1980. [9] [10] [11] [12] [13] [14] [15] [16] This sample was composed of a younger-onset group with type 1 diabetes (all patients diagnosed as having diabetes before 30 years of age who took insulin, n=1210) and an older-onset group with type 2 diabetes (a sample of persons diagnosed as having diabetes at or after 30 years of age who were treated with diet, oral hypoglycemic agents, and/or insulin, n=1780). Of those selected, 2366 individuals (996 with type 1 diabetes and 1370 with type 2 diabetes) participated in the baseline examination. Data used in the analyses included all participants from both groups (n=1098) who participated in the baseline (1980) (1981) (1982) , 10, 11 4-year follow-up (1984) (1985) (1986) , 12, 13 and 10-year follow-up (1990-1992) 14 ; had gradable fundus photographs in at least one eye for DR and for measurement of retinal vessel diameter; and did not meet one of the criteria for exclusion involving both eyes (Figure 1) . Central retinal arteriolar equivalent (CRAE) and central retinal venular equivalent (CRVE) were considered ungradable if one of the largest 6 arterioles or venules, respectively, was not gradable. Reasons for nonparticipation and comparisons between participants and nonparticipants at baseline and all the follow-up examinations have been presented elsewhere. [10] [11] [12] [13] [14] The principal reason for nonparticipation was death.
PROCEDURES
The baseline and follow-up examinations were performed in a mobile examination van in or near the cities where the participants resided. All examinations followed a similar protocol that was approved by the institutional human subjects committee of the University of Wisconsin and that conformed to the tenets of the Declaration of Helsinki. The pertinent parts of the ocular and physical examinations included measuring blood pressure, 17 measuring height and weight, measuring refractive error using the Early Treatment Diabetic Retinopathy Study (ETDRS) protocol, dilating the pupil, determining the presence of cataract using standard lens photographs, taking 30°s tereoscopic color fundus photographs of 7 standard fields, 18, 19 performing a semiquantitative determination of protein levels in the urine using Labstix (Ames), and determining HbA 1c levels from a capillary blood sample. 20 A structured interview was conducted by the examiners, including questions on smoking and specific medications for control of hyperglycemia and blood pressure. If there was any question about medication use or medical history, it was verified by a physician's report.
GRADING PROTOCOLS
Grading protocols for DR have been described in detail elsewhere 14, 21 and are modifications of the ETDRS adaptation of the modified Airlie House classification of DR. 22, 23 Interobserver and intraobserver variations and the validity of the systems have been evaluated, and the results have been presented elsewhere.
14,21-23
DEFINITIONS
For each eye, the maximum grade in any of the 7 standard photographic fields was determined for each of the lesions and used in defining the retinopathy levels, varying from level 10 (no retinopathy) to level 60 or greater (proliferative retinopathy); definitions have appeared elsewhere. 22, 23 The retinopathy level for a participant was derived by concatenating the levels for the 2 eyes, giving the eye with the higher level greater weight. This scheme provided a 15-step DR severity scale.
The incidence of any retinopathy was estimated from all eyes that had no retinopathy at the first follow-up examination (severity level of 10) and were examined again at the following examination. Progression to PDR was estimated from all eyes free of this complication at the second examination. For eyes with no or only nonproliferative retinopathy, progression was defined as the instance of an increase in the severity of retinopathy by 2 steps or more along the 15-step scale from the second to the third examination.
We defined ME as thickening of the retina with or without partial loss of transparency within 1 disc diameter from the center of the macula 24 or the presence of focal photocoagulation scars in the macular area associated with a history of development of ME as documented by stereoscopic fundus photo- graphs. The incidence of ME was estimated from data for all eyes that had no ME and had not been treated previously with photocoagulation at the second examination and were examined again at the third examination.
Diameters of retinal vessels were measured after converting the photographs of field 1 to digital images. All retinal arterioles and venules were measured in the area between half and 1 disc diameter from the optic disc margin using a computer-assisted program. Computer-assisted measurements of individual arterioles and venules were each combined according to formulas developed by Parr and Spears 25 and modified by Hubbard et al 26 and Knudtson et al 27 as mean diameters of the 6 largest retinal arterioles (CRAE) and venules (CRVE) in that eye. Intraclass correlation coefficients were extremely high (Ͼ0.90) for both intergrader and intragrader comparisons for both arteriolar and venular measurements (data not shown). Individuals treated with photocoagulation or that had retinal vein or arterial occlusion or other nondiabetic ocular disease affecting the retinal blood vessels were excluded (n=200).
DEFINITION OF RELATED FACTORS
Age was defined as the age at the time of the baseline examination in 1980-1982. Age at diagnosis of diabetes was defined as the age at the time the diagnosis was first recorded by a physician in the patient's medical record or in a hospital record. The duration of diabetes was defined as the period between the age at diagnosis and the age at the baseline examination.
The means of both systolic and diastolic blood pressures were the means of the last 2 of 3 measurements obtained according to the protocol of the Hypertension Detection and Follow-up Program. 17 Hypertension was defined as a mean systolic blood pressure of 140 mm Hg or higher and/or a mean diastolic blood pressure of 90 mm Hg or higher and/or a history of taking antihypertensive medication at the time of examination. Mean arterial blood pressure(MABP)wasdefinedas(systolicbloodpressureϩ[2ϫdia-stolic blood pressure])÷3. Body mass index was defined as weight in kilograms divided by the square of height in meters. Proteinuria was defined as a urine protein concentration of 0.03 g/dL or greater (to convert to grams per liter, multiply by 10). Smokers were identified as persons answering yes to having smoked 100 cigarettes or more in their lifetime and further categorized as current smokers if they had not stopped smoking at the current examination. Cataract was classified as none/questionable, less than a photographic standard of 1, a photographic standard of 1 or more, or cataract surgery. Refraction was performed using a modification of the ETDRS protocol and modeled in categories as moderately to highly myopic (Ͻ−3 
STATISTICAL ANALYSIS
The changes in the CRAE and CRVE were computed between the baseline 1980-1982 examination and the 1984-1986 fouryear follow-up examination, whereas the 6-year incidence of DR, PDR, and ME and the progression of DR were computed between the 1984-1986 and 1990-1992 examinations. Generalized estimating equation models with independent correlation structure were used to analyze the relationship of changes in CRAE and CRVE to each diabetic outcome using eyespecific data. 28 Univariate analyses examined a 10-µm change in CRAE and CRVE with the 6-year incidence of DR outcomes. Multivariable analyses additionally controlled for sex, diabetes type, and duration, and changes in retinal photograph focus, cataract status, refraction, HbA 1c concentration, MABP, diabetic nephropathy status, smoking status, body mass index, and retinopathy severity level (except in analyses for incident DR).
Change in area under the receiver operating characteristic curve (AUC) was used to measure improvement in prediction when change in CRVE was added to the model based on traditional DR risk factors using the method described by DeLong et al 29 using right eyes only. Results were similar for left eyes (data not shown). Integrated discrimination improvement (IDI) was also computed following the method described by Pencina et al. 30 
RESULTS
Basline characteristics of the cohort are presented in Table 1 . Persons were excluded if they did not participate in the 1984-1986 and/or 1990-1992 examination (n=1077), had photocoagulation for PDR or ME in both eyes at the 1980-1982 or 1984-1986 examinations (n=121), did not have gradable retinal vessels in at least one eye (n=58), were not at risk for any of the diabetic outcomes in either eye (n = 20), or had nondiabetic retinal vascular conditions in both eyes (eg, retinal vein or arterial occlusion) (n = 1). Persons included in the study were younger (40.9 vs 59.5 years of age, P Ͻ.001), had shorter duration of diabetes (10.7 vs 15.1 years, PϽ.001), had lower systolic (128.6 vs 145.8 mm Hg, PϽ.001) and diastolic (78.5 vs 79.4 mm Hg, P = .007) blood pressure, and were less likely to have hypertension (39% vs 69%, PϽ.001) and PDR (3% vs 24%, PϽ.001) compared with nonparticipants.
Between 1984-1986 and 1990-1992, the 6-year incidence of DR was 56%, progression of DR was 39%, incidence of PDR was 15%, and the 6-year incidence of ME was 11%. The mean change in CRAE between 1980-1982 and 1990-1994 was −0.37 µm (SD, 11.3 µm; range, −73.0 to 81.4 µm), and the mean change in CRVE was 2.54 µm (SD, 17.3 µm; range, −108.0 to 78.5 µm). Change in CRAE and CRVE between the right and left eyes was correlated (Figure 2) .
The univariate relationships of 4-year change in CRAE and CRVE to the 6-year cumulative incidence of retinal outcomes are presented in Table 2 . Increasing CRAE was not associated with any of the DR outcomes, whereas increasing CRVE was associated with increases in all DR outcomes. While controlling for sex, diabetes type, and duration, and change in cataract status, refraction, image focus, HbA 1c concentration, MABP, smoking status, diabetic nephropathy, body mass index, and DR level (only in the models of progression of DR and incidence of PDR and ME outcomes), the associations of CRVE but not CRAE remained statistically significant ( Table 3) . These relationships remained when CRAE was added to the CRVE model (data not shown), but an inverse relationship of change in CRAE was found (odds ratio per 10 µm, 0.77; 95% CI, 0.65-0.91; P=.003) for the 6-year incidence of PDR when CRVE was added to the CRAE model. No other significant interactions of type or duration of diabetes or MABP with change in CRAE or CRVE were found. When analyses were rerun by type of diabetes, no statistically significant differences were found in any of the relationships of CRAE or CRVE to any of the DR end points (data not shown). The highest increase and highest incremental gain in the AUC was noted when including change in CRVE in the model that included risk factors for incidence of DR (Table 4) , which was not statistically significant (P=.25). However, analysis using the IDI method showed that adding CRVE significantly increased the predictive ability of the model.
COMMENT
The data reported herein provide unique, long-term, population-based information regarding the relationship of the change in CRAE and CRVE measurements to the subsequent incidence and progression of DR during 6 years of follow-up in people with diabetes. We found that change in CRVE but not CRAE was statistically significantly associated with the subsequent incidence and progression of DR, independent of other risk factors.
Our finding that increasing CRVE is associated with subsequent higher risk of incident DR may be due to the strong association of wider CRVE with endothelial dysfunction, inflammatory changes, and hyperglycemia, all of which are factors involved in the pathogenesis of DR. [31] [32] [33] [34] Our findings are consistent with the results from a small study that examined change in retinal vessel diameter with incidence of DR. 35 In that study involving 45 children with type 1 diabetes, eyes with retinal venular widening greater than 10 µm during the follow-up period were more likely to develop other signs of retinopathy more often than patients with less or no change in the venular diameter. All the other epidemiologic studies [3] [4] [5] [6] [7] [8] that have examined these relationships were based on one measurement of retinal vessel diameter before the incidence or progression of DR. Roy et al 7 and others 3,4 showed a direct association of CRVE measured once at baseline with the 6-year incidence of DR in persons with type 1 diabetes, whereas in the WESDR cohort we did not find an association of a single measurement of CRVE at baseline with the 4-year incidence of DR. Others 36 have suggested that widening of retinal arteriolar diameters before the onset of retinopathy would increase the risk of incident retinopathy due to a breakdown in autoregulation. Although Cheung et al 8 found a direct relationship of CRAE with the incidence of DR in persons with type 2 diabetes, we found no association of change (either widening or narrowing) in the arteriolar diameter with the subsequent incidence of DR.
Our findings suggest that change in retinal venular diameter measurements in those without retinopathy may have prognostic value before the development of DR, independent of type or duration of diabetes, glycemic control, blood pressure, and other traditional risk factors. Although the increase in AUC of 2.7% for inclusion of change in CRVE in the model was small and did not reach statistical significance, it compares favorably with other potential predictive factors used for other end points (eg, C-reactive protein and serum high-density lipoprotein cholesterol levels) when added to the Framingham risk score for coronary heart disease in the Atherosclerosis Risk in Communities study. 30, 37, 38 It was a significant predictor of incidence and progression using an alternative approach, the IDI method, which suggested that adding information from change in CRVE to traditional risk variables (eg, HbA 1c concentration) substantially improves the discrimination between those who do and do not develop DR during a 6-year period. There is a need to further study whether measuring change in retinal venular Abbreviations: CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; DR, diabetic retinopathy; ME, macular edema; PDR, proliferative diabetic retinopathy.
a Controlling for sex, diabetes type, and duration, and change in cataract status, refraction, image focus, glycosylated hemoglobin concentration, mean arterial blood pressure, smoking status, diabetic nephropathy, body mass index, and DR level in the models of progression of DR and incidence of PDR and ME outcomes.
ARCH OPHTHALMOL / VOL 130 (NO. 6), JUNE 2012 WWW.ARCHOPHTHALMOL.COM 753 diameter is a cost-effective approach to improving prediction of risk resulting in change in management (eg, how often a patient without retinopathy should be seen) and whether such changes ultimately result in further reduction of loss of vision due to these changes. 5, 39 The association in the WESDR of an increase in the venular diameter with progression of DR and incidence of PDR and ME, independent of retinopathy severity, was not unexpected and is consistent with data from earlier studies. 3, 4, 35, [40] [41] [42] [43] [44] [45] [46] Increase in venular diameter in eyes with retinopathy is thought to result from retinal hypoxia 47 and from lactate accumulation resulting from hyperglycemia. 48 Retinal venous caliber abnormalities were important predictors of visual loss due to progression of retinopathy in the Diabetic Retinopathy Study. 49 Developers of the classification system at the Airlie House meeting in 1969 were aware of retinal venular widening as a prognostic sign but chose to ignore it in scale "because it was considered too nonspecific and difficult to evaluate." 50(p215) Retinal venous beading, a more qualitative measure and a sign of irregular venular dilation, was used instead to define the severe nonproliferative retinopathy severity levels of 47 and 53 in the ETDRS severity scale. 24, 51 It was significantly associated with progression of proliferative disease in the Diabetic Retinopathy Study and the ETDRS. 23, 24 In the WESDR, the association of change in CRVE to the 6-year progression of DR remained independent of previous change in DR, MABP, diabetic nephropathy, and glycemic control, suggesting that larger venous caliber provides information regarding risk independent of the current ETDRS system used to classify retinopathy severity level. Although the increases in AUC of 2.3% for progression of DR and 1.3% for incidence of PDR were small, the IDI values suggested some value in including these measures for better prognostic assessment beyond measuring only DR severity and other traditional risk factors.
Our study has many strengths. The population is large and involves both types of diabetes, the distribution of severity of retinopathy based on objective recording of DR and ME using stereoscopic fundus photographs of 7 standard fields is broad, and there was a low refusal rate. In addition, standardized protocols of measurement, including computer-assisted measurement of retinal vessel caliber, were consistent over time. However, caution must be exercised in interpreting the findings in the present study. Relationships may have been attenuated by selective survival. Retinopathy severity and retinal arteriolar narrowing and venular widening have been shown to be related to mortality. 52 This finding would reduce the strength of the associations between narrowing of the CRAE and progression of disease and incident PDR and ME.
In summary, measurement of change in CRVE may provide additional information regarding incidence and progression of DR and risk of development of PDR and ME than DR severity by itself in persons with type 1 and type 2 diabetes. The association of change in CRVE with the incidence of DR raises the question of whether measurement of CRVE will provide an even earlier clinically meaningful stage of DR before the onset of microaneurysms and blot hemorrhages. 
